is inadequate to document all of the changes. It is generally agreed, however, that such evolutionary pathways involved transitions from terrestrial specialists to intermediate, semiaquatic forms, which led eventually to increasing proficiency in the marine environment (e.g., Repenning 1976 , Berta et al. 1989 .
With respect to locomotion, early transitional marine mammals evidently faced energetic hurdles before achieving locomotor efficiencies comparable to those of their terrestrial ancestors (Williams 1999 , Fish 2000 . Semiaquatic mammals swim by paddling, which incurs inefficiencies and high energetic costs, in contrast with the relative efficiency of aquatic mammals that use oscillating hydrofoils. Moreover, a dense external layer of hydrophobic fur (instead of blubber) incurs positive buoyancy and limits diving depth. In contrast, the insulating blubber that is characteristic of fully aquatic mammals contours the body to minimize drag. The morphological and behavioral modifications that evolved in aquatic descendants of ancestral terrestrial mammals no doubt had counterparts with respect to other aspects of the transition to fully aquatic life.
The reverse evolutionary emergence of tetrapods from water to land has fascinated evolutionary biologists for decades (Gordon and Olson 1995) . Various scientists have speculated on the preadaptations and environmental conditions that might have led to water-to-air transitions in multiple lineages. In particular, the behaviors of amphibious fishes have provided insights concerning the evolution of tetrapods (Graham 1997 , Gordon 1998 . Karel Liem (1987) , for example, considered factors triggering the emergence of extant air-breathing fishes. His analysis led him to favor a theory proposed by Inger (1957) that population pressure led to emergence from water and to overland movements in humid environments, and was the proximate selective factor driving the evolution of prototetrapods in these environments. Previous theories also proposed that such early tetrapods crawled onto land in search of aquatic refugia during extended periods of drought, but studies of fishes have led some researchers to reject this idea in favor of Inger's hypothesis (Bruton 1979) . Physiol ogists have emphasized the importance of hypoxia in circumstances in which thermal and gaseous stresses in the aquatic medium favored increasing dependence on air breathing and, as a consequence, progressive modifications of respiratory and morphological features that favored water-to-air ecological transitions (Mittal et al. 1999) .
Less clear are the trophic shifts that must accompany water-to-air transitions, or the reverse. A complete shift in prey type requires behavioral, morphological, and physiological changes, all integrated within the requirements for energy, water, and life-history strategy. With respect to terrestrial-tomarine transitions, some researchers have suggested that the limited prey resources in terrestrial island environments may account for the intertidal habits of various lizards (Fricke 1970 , Grismer 1994 , Wikelski and Trillmich 1997 . The excess salt acquisition and water losses during marine transitions pose significant challenges for organisms as they adjust their strategies of prey acquisition; coping with these changes requires modifications in the structure and function of integument and exposed membranous tissues (Dunson 1979, Dunson and Mazzotti 1989) .
Theoretical attention to terrestrial-to-marine transitions is useful and provides an important underpinning for research as well as an incentive for testing hypotheses. One alternative approach, however, is to examine the biology of extant species that can be regarded as transitional forms and as representative of transitional stages. This helps researchers to understand the traits that permit the evolution of habitat change and the conditions that might produce selection forces promoting the transition from terrestrial to marine habitat.
Snakes and the marine transition
Snakes are exceptionally useful models for understanding terrestrial-to-marine transitions. Although there is some controversy concerning the marine or terrestrial origins of snakes (Greene and Cundall 2000 , Rieppel and Kearney 2001 , Caprette et al. 2004 , Vidal and Hedges 2004 , Lee 2005 , the majority of some 3000 extant species are known to reside in subterranean, terrestrial, or freshwater habitats. The known marine species are considered to be secondary invaders of coastal and oceanic habitats, and their numbers are modest. Fewer than 2.5% of all snake species live successfully in marine environments, and only a few other species inhabit brackish and marginally marine habitats (Heatwole 1999) . However, these snakes represent five major phylogenetic lineages, and they have achieved marine habits more successfully than have other reptilian groups (table 1). The evidence suggests that evolutionary transitions from land to sea have been challenging, albeit independently repeated, events. Insights into the process can be gleaned from recent observations of insular populations of cottonmouth snakes (Agkistrodon piscivorus), erstwhile regarded as common, freshwater, swamp-dwelling pitvipers inhabiting southeastern states of the US mainland.
Insular cottonmouths
Cottonmouth snakes are generalist feeders characterized by considerable breadth of diet, including terrestrial, aquatic, and carrion prey (Gloyd and Conant 1990 , Savitzky 1992 , Lillywhite et al. 2002 , Lillywhite and McCleary 2008 . The Florida cottonmouth (Agkistrodon piscivorus conanti) typically occurs in freshwater swamps and associated terrestrial habitats, but it ranges widely and lives successfully on offshore islands. An unusual population inhabiting Seahorse Key, Levy County, Florida, is entirely terrestrial and occupies the upland hammock where snakes associate with bird rookeries (Wharton 1969). These snakes feed largely or exclusively on marine fishes that are dropped or regurgitated by colonial water birds-including brown pelicans, double-crested cormorants, white ibis, various herons and egrets-which collectively nest on the island in tens of thousands from March through October. The snakes tend to remain at or near the bird rookeries, and they do not generally range widely unless there is a shift in the food source (Wharton 1969) .
We have recently obtained radiotelemetry data further demonstrating that snakes living near bird rookeries occupy relatively small home ranges (0.01 to 0.03 square kilometer) and move little, foraging nocturnally beneath the rookery trees (figure 1). Some snakes traverse areas of vegetation at or near the beach edges, but they generally avoid seawater and are rarely observed on the open beach, especially during daylight-probably as a result of predation pressures from the numerous birds that visit or nest at the island. However, dead fish are often washed up on the strand by tidal waters, and they offer a potential source of food that is sometimes scavenged by a subset of these snakes (Lillywhite and McCleary 2008) . The intertidal fish carrion, as well as invasive rats (Rattus rattus), provide alternative prey items (albeit of lesser dietary importance) outside the bird-nesting season (Lillywhite and McCleary 2008). Feeding and digestion probably cease from December through February or March because of the prevalence of low winter temperatures and the relative inactivity of the snakes (Wharton 1969 ).
When we brought one of the radio-tagged snakes into the laboratory to retrieve a transmitter, it defecated a mass of the undigested marine plant debris that accumulates at the tidal shoreline. Such materials are not dropped, regurgitated, or defecated by nesting birds, nor are they expected to be found within the gut of any fish. We therefore concluded that this snake must have been foraging on marine debris that accumulated near the shoreline. Indeed, the monitored movements of this animal revealed a home range that included the beach edge. It seems likely that the fecal material was ingested coincidental to the swallowing of a dead fish or its decaying parts. However, the mass of material was substantial (58 grams [g], wet), so it is also possible that marine plants were ingested alone, possibly in response to chemical stimuli (e.g., odors) from fish (see below). The defecated material consisted of brown and green algae (Enteromorpha spp.), small mollusk shells (Olivella pusilla), and various segments of small, unidentifiable crabs. Recently, we found six other cottonmouths at the beach, some distance from bird rookeries, that defecated fish spines, sand, and considerable amounts of plant materials, a finding that suggests fish are scavenged at the beach. These snakes were found at the central and eastern end of the island, away from colonial bird rookeries that are concentrated at the western end of the island (see also Wharton 1969) . Such observations reflect selection for scavenging on diverse objects that might contain some energy potentially important to growth and fitness in island environments, where alternative prey items may be scarce or ephemeral (Lillywhite et al. 2002, Lillywhite and McCleary 2008) .
We hypothesized that island cottonmouths ingest organic strand debris, and we tested this hypothesis by presenting to snakes in the laboratory marine plant materials with and without fish present. Four snakes that we tested from the island population readily ingested marine plant materials collected from the insular strand, but only when fish odors were present. We shaped 2 to 5 g of green marine algae (Ulva lactuca) collected from Seahorse Key into elongate forms and offered these materials twice to each of the captive snakes. This species of algae has thin cell walls and is digestible. The snakes thoroughly investigated the algae for several minutes, with frequent tongue flicking and pushing and probing with the head, but they did not ingest it. We next repeated such presentations using similar plant materials that were rubbed gently with a dead fish (Mugil gyrans) or that loosely enveloped a cut piece of fish. In these cases, the snakes voluntarily swallowed the marine plants that had contacted fish, whether or not the fish was still present (figure 2).
In the context of field observations during the course of 10 years, we and others (Allen Dinsmore, University of Florida, Gainesville, Florida, personal communication, 30 April 2008) have observed more than a dozen trackways of Seahorse Key cottonmouths that moved over beach sand to the shoreline and then returned to the edge of the upland vegetation, some of these tracks leading to where the snake was seen coiled and resting with a visibly distended stomach. We have also encountered numerous snakes that appeared to be foraging on the beach at night (sometimes two to four individuals per kilo- meter per hour), and five snakes have been seen swallowing long-dead, dehydrated, and bone-hard fish, sometimes with adhering leaves or other debris (figure 3; Lillywhite et al. 2002, Lillywhite and McCleary 2008 ). It appears increasingly clear that these insular cottonmouths consume intertidal resources more extensively than was implied by Wharton's (1969) previous study.
There are anecdotal accounts of cottonmouth snakes living in close association with seawater. However, years of observation at Seahorse Key indicate that this species generally avoids salt marsh and seawater (Wharton 1969 ) and rarely disperses across marine waters. We have observed adult cottonmouths moving slowly through water within salt marsh habitat on Seahorse Key, appearing to forage there, and we have become aware that dispersal events in seawater sometimes do occur (figure 4a), but such events appear to be rare. Another pitviper, the Eastern diamondback rattlesnake (Crotalus adamanteus), is seen far more frequently by local boaters at the Cedar Keys and appears to engage in straight-line migrations from mainland to island or from island to island (figure 4b). Such behaviors seem far less common among cotton mouths (we know of only a single observation), but they could occur more frequently than is witnessed, especially at night when these snakes are more active.
All snakes are probably capable of efficient eel-like locomotion in water, and inflation of the elongate lung easily imparts buoyancy. The principal impediments to seaward swimming and dispersal are likely to be predation from above (birds) and below (fishes), the physiological difficulties associated with contacting seawater, and difficulties in navigation.
Evolutionary scenario for invasion of the sea
Cottonmouths on Seahorse Key are most abundant within the upland hammock and beneath the bird rookeries (Wharton 1969) , where the fishes dropped by birds are most common. Pelicans tend to nest in trees at the edges of the hammock, which are adjacent to the intertidal zone. Moreover, the snakes' movements related to foraging, dispersal of young, and population growth must encourage contact between snakes and the intertidal from time to time. We do not yet understand the factors involved, but occasionally cottonmouths enter the sea (figure 4a). Similar circumstances could have led to the evolution of marine habits in various natricine and homalopsine species of snakes that are semimarine or highly marine. These observations suggest a hypothetical and highly probable scenario for the evolutionary radiation of terrestrial vertebrates into the sea (figure 5). Discrete stages in the process are (a) the association of a species with coastal or insular habitat; (b) the utilization of marine trophic resources; (c) the ability to swim and to disperse in oceanic water, involving a semiaquatic phase; and either (d) physiological specialization to handle salt loads from marine prey and ingested seawater or (e) behaviors that facilitate the acquisition of freshwater.
Difficulties in transition
There are two stages of transition that present key obstacles to such an evolutionary scenario. First, the trophic transition from terrestrial to marine prey presents both behavioral and physiological challenges. In the case of Florida cottonmouths, the consumption of marine prey reflects a progressive, twostage process following from the evolution of polyphagous ecology in this species: first, the dependent consumption of marine fishes that are dropped by colonial nesting birds (Wharton 1969, Lillywhite and McCleary 2008) , and second (perhaps secondarily), the consumption of marine fishes or other organic matter that might appear as carrion or detritus at the intertidal shoreface (Lillywhite and McCleary 2008) . The breadth of cottonmouths' food habits and the intensive scavenging behaviors observed in the insular population may represent important preadaptations (or exaptations, sensu Gould and Vrba 1982) for this process. Clearly, the provisioning of insular cottonmouths with marine fish by nesting seabirds and the trophic specialization of snakes on such a resource would aid a hypothetical transition to marine environments by making fishes the logical prey item for these animals. The occurrence of reptiles on islands appears to favor the use of marine resources from nearshore or intertidal habitats, owing to opportunism and the scarcity of alternative resources. We have reviewed a diverse literature and conclude that some 18 families, 33 genera, and more than 48 species of crocodilians, turtles, and lizards currently use resources from estuarine, intertidal, or marine habitats. Thus, many reptiles forage in the intertidal zone-a behavior evidently driven by pressures for resources-but comparatively few lineages have made a successful evolutionary transition to marine life. A hypothesis that remains to be tested is that insular cottonmouths or other snakes increasingly contact the marine environment because of selection pressures from diminished island resources (attributable to periodic weather events, such as drought or extreme storms, and to shifts in the location or density of bird colonies). An alternative hypothesis is that cottonmouths' marine contact is simply due to opportunism related to the polyphagous diet of this species. A second challenge for species making the transition to a fully marine existence is the physiological problem of living in seawater. Salinity has been implicated as the greatest deterrent to the radiation of reptiles into marine habitats (Dunson 1979, Dunson and Mazzotti 1989) . Osmoregulatory challenges have been overcome, however, by snakes within five family-or subfamily-level taxa that have evolved fully marine habits independently (Greene 1997) . The efficacy of salt glands in mitigating osmoregulatory challenges is unclear in most species, and at least some marine species are dependent on freshwater from rainfall, drinking occasionally from wetted terrestrial vegetation (Guinea 1991) , from estuarine or coastal spring waters, or from freshwater lenses that form temporarily on the ocean surface during rainfall events (Lilly white and Ellis 1994, . It was recently demonstrated that three species of Laticauda sea snakes dehydrate in seawater and require fresh drinking water, or very dilute brackish water, for water balance . Indeed, four of the five principal clades of marine snakes have been shown to include at least some members that are dependent on freshwater .
The acquisition of freshwater is undoubtedly important in the insular cottonmouths as well, because there is no permanent source of freshwater on Seahorse Key, and these snakes gradually dehydrate between precipitation events. During 2006 and 2007 we collected 44 snakes from Seahorse Key, returned them to the laboratory, and weighed them within 12 hours of capture. We placed the snakes in cages with access to a dish containing freshwater. We weighed these snakes again on the following day, and we assumed that any increase in mass reflected water drinking, which we observed directly in most cases. We then calculated the deficit of water balance for each animal, computed as
where D is the water deficit, M i is the initial mass of the snake at capture, and M f is the hydrated mass following drinking. Thus, the body water deficit is expressed as a percentage of the hydrated mass. In this manner, we determined the water balance status of snakes that were collected at varying times since rainfall was recorded at the island (figure 6). The data indicate that the snakes' dehydration increases progressively with drought, although there is much variability among individuals. The observed variation most likely reflects differences in behavior and location as much as physiology. For example, some snakes may find leaves or depressions that collect substantial rainwater, whereas others may not have access to sufficient water for rehydration during lesser rainfall events. Similarly, some snakes may reduce dehydration by secluding themselves in humid microenvironments such as subterranean caverns or burrows, whereas others may be more active or remain on the ground surface where evaporative stress is greater. These circumstances might explain the variability of dehydration between precipitation events. During a severe six-month drought in 2001, we observed that snakes ceased foraging, presumably to conserve water. Four snakes that were extracted from underground holes during this period were at 16% water deficit. We conclude that selection pressures for the conservation and acquisition of water in the island population of cottonmouths are incurred from the lack of permanent freshwater and the resulting dependence on ephemeral precipitation. The ability of these snakes' kidneys, or other tissues and organs, to conserve water and excrete excess salts is not known.
Convergence and phenotypic plasticity
Incidents of ecological convergence offer additional insight into evolutionary trends. Cottonmouth snakes exhibit many ecological parallels with Australian tiger snakes of the genus Notechis, and these similarities may provide insight into the requisite stages involved in transitioning from terrestrial to marine habitats. Tiger snakes and cottonmouths are both widespread throughout large areas of continental mainland habitat and have established disjunct populations on many oceanic islands and coastal swamps (Shine 1987 , Cogger 1992 . Like cottonmouths, mainland tiger snakes are generalist feeders characterized by considerable breadth of diet (Shine 1987) . Their generalized diet enables them-again, like cottonmouths-to opportunistically exploit a wide variety of prey items, many of which differ between mainland and insular habitats. These differences in prey availability are most likely driving the ecological and dietary shifts that are observed between the mainland and insular populations of these two species (Shine 1987) . These and other ecological similarities between cottonmouth snakes and tiger snakes are particularly interesting because molecular phylogenetic analyses have consistently grouped tiger snakes and sea kraits (Laticauda, a genus of sea snakes) as sister taxa (Lawson et al. 2005) . Moreover, some 57 species of hydrophiine sea snakes originated relatively recently from a small clade of terrestrial, viviparous elapids belonging to the Notechis group (Keogh 1998) . Thus, in the Australian snakes, a marine lineage evidently diverged from a terrestrial species that was ecologically similar to the insular cottonmouth snakes we discuss here.
In broad terms, the scenario we suggest has probably characterized the marine transitions of other vertebrate taxa. Insofar as secondarily marine lineages had terrestrial ancestors, they are assumed to have undergone a semiaquatic phase, which in many cases (e.g., file snakes, water snakes, diamondback terrapins) involved freshwater-to-seawater transitions. We emphasize that a major challenge to the evolution of marine habits involved transitions from terrestrial or freshwater prey to marine prey, accompanied in many cases by morphological, behavioral, and osmoregulatory obstacles requiring the evolution of a euryhaline physiology during transitional stages (figure 5). Studies that have employed isotopic approaches to understanding the diet and water requirements of early cetaceans have revealed a wide variety of isotopic compositions in fossils, suggesting that the terrestrial-to-marine transition was not a simple progression but rather "mosaic in character" (Roe et al. 1998 ). Roe and colleagues (1998) stated: "The transition to life in sea water involved changes both in osmoregulatory physiology and diet, but the changes were not strictly coupled. The apparent decoupling of food and water requirements may have facilitated niche differentiation, and as a result, the diversification of the earliest cetaceans" (pp. 418-419) . These studies also suggest that movement into oceans was at first behavioral, and the physiological adjustments followed. More generally, we emphasize that trophic ecology often drives speciation through niche differentiation (Schluter 2000) .
Evolutionary transitions between very different habitats involve major phylogenetic shifts in important characters. The phenotypic characters of animals reflect not only the genotype but also the influence of the environment on the plasticity of characters. Thus, phenotypic plasticity can be a major influence promoting trait changes during phylo genetic shifts such as those associated with habitat transitions (WestEberhard 2003) . Clearly, phenotypic plasticity could play a role in favoring or accelerating many of the character transitions that are highlighted in figure 5. For example, recent studies have suggested a role for adaptive plasticity with respect to the aquatic experience and locomotor performance of terrestrial snakes. Young tiger snakes (Notechis scutatus) were raised in terrestrial or aquatic environments for a five-month period. The snakes raised in water could swim 26% faster, but crawled 36% slower, than did their siblings that were not raised in water (Aubret et al. 2007 ). Such plasticity in swimming performance tends to favor phenotypes that function better in the aquatic environment and potentially accelerates the evolutionary transition to an aquatic habitat. As Aubret and colleagues (2007) discuss, this is consistent with the suggestion that aquatic and terrestrial environments impose different constraints on the optimal morphological and functional characters that affect locomotion. Thus, the structural features of muscle that optimize swimming performance in snakes differ from those that optimize terrestrial locomotion (Jayne 1982) . Cottonmouths are of further interest in this context, insofar as the species is behaviorally semiaquatic.
The importance of fresh drinking water
Studies of snakes suggest that the availability of coastal freshwater sources, such as springs or freshwater lenses formed from rainfall, is key to the survival of animals that increasingly utilize marine habitats Ellis 1994, Lillywhite et al. 2008) . We tend to agree with the previous hypothesis of Dunson (Dunson 1979, Dunson and Mazzotti 1989) , namely, that salinity and the attendant problems of osmoregulation are likely to constitute the greatest deterrent to radiation of reptiles into marine habitats. This may be especially true for snakes, which otherwise possess traits that require comparatively little modification for marine existence. Virtually all ophidian species that have been observed are capable of swimming in water, using eel-like undulatory locomotion (Jayne 1985) . Snakes obviously do not require limb modifications for swimming, like those that are seen in turtles and mammals, and it appears likely that there is no significant ener getic barrier with respect to the locomotor requirements of an amphibious transition from terrestrial to marine habitats. The elongate lung of snakes offers an immediate means of regulating buoyancy in seawater (Graham et al. 1975 , Heatwole 1999 . Moreover, venomous snakes possess a means of subduing strong, swift, or dangerous prey, a factor that may have been important in permitting a successful evolutionary radiation of sea snakes from their front-fanged, venomous elapid ancestors. Given what is known concerning the terrestrial-to-marine transition of snakes, Florida cottonmouths possess aptations (sensu Gould and Verba 1982) that are preadaptive for such a transition, should it occur. These include a diet consisting predominantly of marine fish, the possession of a venom delivery apparatus, swimming capabilities, and viviparous reproduction (as in the hydrophiine lineage of fully marine sea snakes; see figure 5 ). Thus, a principal deterrent to life in seawater for this species seems to be physiological dependence on freshwater, as it is for some other marine snakes Ellis 1994, Lillywhite et al. 2008) .
Conclusions
Reptilian phylogeny includes many species and higher taxa that successfully exploit marine prey and habitats. Snakes are particularly interesting subjects with respect to the terrestrialmarine transition because they possess several key attributes that render the transition theoretically easier than it would be for limbed vertebrates. This conclusion is reflected in the relative success of this group in evolving numerous fully marine species. Insular cottonmouth snakes are unusual in their exploitation of intertidal resources in circumstances where marine habits are potentially advantageous and could plausibly evolve in insular populations. This is the first example of such a phenomenon among viperid taxa, and it could provide an extremely useful system for further investigations. Cottonmouths or other snakes inhabiting islands are theoretically subjected to selection pressures arising stochastically from drought, intense storms, competition, shifts in prey resources, population growth, and increasing seawater incursion attributable to climate change. The insular Florida cottonmouths provide an attractive system in which these hypotheses could be tested in future investigations.
